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INTRODUCTION 34
The term probiotics refers to live organisms, which when administered in adequate amounts, confer a health 35 benefit on the host (FAO/WHO, 2002). Probiotics exert a broad spectrum of beneficial health effects 36 including reduction of the relapse frequency of Clostridium dificile or Rotavirus associated diarrhoea, 37 reduction in the symptoms of irritable bowel syndrome and inflammatory bowel disease, modulation of the 38 immune system, reduction of lactose intolerance symptoms and prevention of atopic allergies (Saad, also demonstrated the feasibility of polysaccharides -whey protein concentrate based edible films as 71 effective carriers of probiotics in pan bread . The coating of bread crusts 72 with a probiotic containing film enabled the production of probiotic bakery products which can deliver liveprobiotic cells under simulated gastrointestinal conditions without any major changes to the physicochemical, 74 texture or appearance of bread (Soukoulis et al., 2014c) . 75
The aim of the present work was to investigate the impact of the compositional, physicochemical and 76 structural properties of binary starch-protein edible films on Lactobacillus rhamnosus GG viability and 77 stability. Binary films were chosen to offer greater processing flexibility to the films and enhance L. 
Materials 85
A Lactobacillus rhamnosus GG strain with established probiotic activity was used (E-96666, VTT Culture 86 collection, Espoo, Finland). Native starch isolated from rice or corn and bovine skin gelatine Type II was 87 obtained from Sigma-Aldrich (Gillingham, UK). Soy protein concentrate (SPC) and sodium caseinate were 88 purchased from Acron Chemicals (Birmingham, UK). Glycerol (purity >99%) was used as plasticising agent 89 (Sigma-Aldrich, Gillingham, UK). 90 2.2 Stock culture preparation and growth conditions of L. rhamnosus GG
91
One mL of sterile phosphate buffer saline pH 7.0 (Dulbecco A PBS, Oxoid Ltd., Basingstoke, UK) was added 92
to the lyophilised culture of L. rhamnosus GG and after adequate mixing, the bacterial aliquot was streaked 93 onto MRS-agar medium (MRS Agar, Oxoid Ltd., Basingstoke, UK). The samples were cultured underanaerobic conditions in hermetically sealed plastic containers containing Anaerogen® (Oxoid Ltd.,incubator (Sanyo Ltd., Japan). Dry films were peeled intact and conditioned at room (25 ± 1 °C; ca. 59% RH) 116 or fridge temperature (4±1 °C; ca. 54% RH). Separate films (10  10 cm2 individual squares, stored and 117 conditioned at 25 °C; 54% RH, 3 d), were made for the characterisation of the physicochemical, mechanical 118 and structural properties of the probiotic edible films. 119
Enumeration of L. rhamnosus GG

120
One mL of the probiotic film forming solution was suspended in 9 mL of sterile PBS and vortexed for 30 s to 121 ensure adequate mixing. The method described by López de Lacey et al., (2012) with minor modifications 122 was adopted for the recovery of L. rhamnosus GG from the bread crust. More specifically, 1 g of edible film 123 containing L. rhamnosus GG was transferred to 9 mL of sterile PBS and left to hydrate and dissolve under 124 constant agitation in an orbital incubator at 37 °C for 1 h. The resulting solutions were subjected to serial 125 dilutions in PBS. Each dilution was plated on a de Man, Rogosa and Sharpe (MRS) agar (Oxoid Ltd., 126
Basingstoke, UK) and the plates were stored at 37 °C for 72 h under anaerobic conditions to allow colonies 127 to grow. Enumeration of the bacteria was performed in triplicate, following the standard plating methodology 128 (Champagne, Ross, Saarela, Hansen, & Charalampopoulos, 2011) and the total counts of the viable bacteria 129 were expressed as log colony forming units per gram (log CFU/g). 130
The survival rate of the bacteria throughout the film forming solution drying process was calculated according 131 to the following equation (1). 132
Where: N0, N represent the number of viable bacteria prior to and after the implemented drying process 134 (Behboudi-Jobbehdar et al., 2013). 135 fraction (log N/N0). The viability data was fitted to a first order reaction kinetics model as described by the 137 formula: 138 log Nt = log N0 -kT t (2) 139
Where: N0, represents the initial number of the viable bacteria and Nt the number of viable bacteria after a 140 specific time of storage (CFU/g), t is the storage time (day), and kT is the inactivation rate constant (log 141 CFU/g*day-1) at temperature, T. 142 2.6 Characterisation of the binary films 143
Thickness 144
A digital micrometer with a sensitivity of 0.001mm was used for the measurement of the thickness of the 145 probiotic edible films. Thickness was calculated as the average of eight measurements taken from different 146 regions of the film. 147
Colour characteristics and opacity 148
Colour characteristics of the edible films were determined using a Hunterlab (Reston, USA) colourimeter as 149 per (Fernandez-Vazquez, et al., 2013) with minor amendments. The CIELab color scale was used to 150 measure L* (black to white hue component), a* (red to green hue component) and b* (yellow to blue hue 151 component) parameters (Zhang, Linforth, & Fisk, 2012) . Opacity measurements were made according to the 152 method described by Núñez-Flores et al., (2012) . Film samples were cut into rectangles (0.7  1.5 cm2) and 153 placed carefully on the surface of a plastic cuvette within the spectrophotometer cell after calibration with an 154 air blank. The absorbance at 550 nm (A550) was measured using a UV-VIS spectrophotometer (Jenway 155 Opacity= A 550 thickness (4) 157
Tensile tests 158
Mechanical characterisation (tensile strength (TS) and elongation percentage (% E) at break) of the films 159 was conducted using a TA-XT exponent texture analyser (Stable Micro Systems Ltd, Surrey, UK). Pre-160 conditioned edible films (54% RH, 25 °C for 3 days), cut in 20 × 80 mm rectangular shapes were placed 161 between the tensile grips (A/TG) allowing a grip separation distance of 50 mm. For tensile tests, a 5 kg load 162 cell was used with a cross-head speed of 1 mm/s. The following properties were calculated from the stress 163 deformation curves: 164
Where: Fmax = the force at break (N), A = the film thickness ( m), L = the film length at break (mm), L0 = the 167 initial film length (mm). 168
Water vapour permeability 169
Water vapour permeability (WVP) of the probiotic edible films was determined gravimetrically according to 
Dynamic mechanical analysis (DMA) 194
The dynamic mechanical measurements were carried out using a Perkin Elmer DMA 8000 (Perkin Elmer 195
Ltd., Beaconsfield, UK) operating in tension mode. The film samples were cut in 5mm by 20mm strips and 196 conditioned at 54 ± 1% RH and 25 ± 1 °C for 72 h before analysis. The film samples were gripped in thetension geometry attachment and subject to static tension whilst measuring in oscillatory mode at 198 frequencies of 0.1, 1 and 10Hz Thermal sweeps were conducted by heating the samples at 3°C min-1 199 between -80 and 180°C (Martins et al., 2012) . The storage modulus (E´), loss modulus (E´´) and tan 200 (E´´/E´) were calculated at a frequency of 1Hz with the glass transition temperature (Tg) being defined as the 201 peak value of tan . All analyses were carried out in duplicate. to ANOVA results, starch type had no significant impact (p>0.05) on the inactivation of L. rhamnosus GG 217 during air drying. A mean reduction of 1.15 and 1.21 log CFU/g was detected in corn and rice starch basedsystems respectively. A loss of 0.91, 1.03 and 1.07 log CFU/g was observed in the systems containing 219 gelatine, sodium caseinate (NaCas) and SPC respectively, which is significantly lower (p<0.01) than the 220 losses detected in systems without protein (1.71 log CFU/g). 221
3.2 Inactivation kinetics of L. rhamnosus GG during storage
222
The inactivation curves of L. rhamnosus GG immobilised in corn and rice starch based edible films are 223 shown in Figs. 2 and 3 respectively. In all cases, inactivation of L. rhamnosus GG upon storage followed first 224 order kinetics, inactivation rates are detailed in Table 1 . At 4 °C films without protein exerted significantly 225 (p<0.001) higher inactivation rates. Rice starch based matrices enhanced the storage stability of L.
226
rhamnosus GG (0.091 log CFU/day) compared to corn based systems (0.125 log CFU/day) at 4°C, but no 227 significant differences were detected in the stability of L. rhamnosus GG in the systems stored at room 228 temperature (0.290 and 0.300 log CFU/day for rice and corn based films). In terms of protein addition, in 229 general NaCas offered enhanced viability (p<0.01) when compared to gelatin and SPC based films. 230
Specifically in corn starch films, the ability of protein to enhance L. rhamnosus GG viability was found to be 231 starch-and temperature-dependent, with protein type having a significant (p<0.05) effect at room 232 temperature. Whereas in rice starch films, proteins acted independently of storage temperature, according to 233 the following order: NaCas<gelatine<SPC. 234
Probiotic film characterisation 235
Morphological characterisation 236
Scanning electron microscopy (SEM) was used to visualise the cross-section of the edible films, identify their 237 structural features and evaluate the cross-sectional homogeneity (Fig. 4) . According to Fig. 4, starch type  238 was the governing factor for the development of the microstructural features; corn starch was associated withthe formation of a reticular, honeycomb-like structure with bud-like protrusions whilst rice starch based films 240 exhibited a coarser, flaky-like more compact structure. However it should be noted that in both cases, films 241 were characterised by an irregular, non-homogeneous structure with inner voids which is generally a marker 242 of thermodynamical incompatibility of the present biopolymers. (Galus, Mathieu, Lenart, & Debeaufort, 243
2012). 244
In their study, Liu & Han, (2005) investigated the impact of amylose to amylopectin ratio on the structure 245 forming ability of starch and reported that, depending on the amylose to amylopectin ratio, heterogeneous 246 structures are created via intermolecular (association of amylose with amylopectin branches to form double 247 helices) and supramolecular (amylose double helices bundled with amylopectin) interactions. In addition, the 248 increase of crystallinity due to post-drying physical state transitions e.g. starch retrogradation during 249 conditioning, may also lead to alteration of the microstructure of starch based films leading to the 250 development of more brittle and coarse structures. 251
It is well-established that film structures characterised by low porosity and high cohesiveness/compactness 252 are associated with improved barrier and mechanical strength properties (Lacroix, 2009). As can be seen in 253 Fig. 4 , the addition of protein to the rice based films was associated with the development of a more compact 254 and cohesive structure, presumably due to the ability of proteins to either interact with starch molecules via 255 hydrogen bonding or hydrophobic interactions (Elgadir et al., 2012) thereby reducing the interspaces within 256 the starch matrix. The evidence for corn was less clear (Fig. 4) . Furthermore, it should be pointed out that, 257 regardless of the film composition, it was not possible to visualize the living probiotic cells using the FIB-258 SEM, which indicates effective physical entrapment in the biopolymer matrix (Soukoulis, Yonekura, et al., Regarding the tensile test results (Table 3) , both starch addition (p<0.05) and protein type (p<0.01) impacted 298 tensile strength (TS) and extensibility (% E) per loading weight of probiotic edible films. Films based on rice 299 starch in general had a lower tensile strength at break and a lower or equal elongation at break as indicated 300 by ANOVA mean values for TS (0.42 vs. 0.64) and % E (17.8 vs. 29.5) for the rice and corn starch systems 301 respectively. Notwithstanding the small differences in the starch amylose/amylopectin composition, wehypothesize that the altered mechanical strength and elongation properties of rice films compared to the corn 303 starch based ones is related to their higher compactness as shown by SEM (Fig. 4) . The latter appears to be in 310 accordance with the compositional aspects of the fabricated films, that is, the higher amylopectin to amylose 311 ratio in the case of the rice corn starch. A similar behaviour was also attained in the case of gelatine starch 312 binary blends (57. 3 vs. 70.7 °C for corn starch and rice starch respectively) whilst no remarkable differences 313 were detected when sodium caseinate was used a protein source. In SPC-based systems, tan was peaked 314 at 25.3 °C in the case of corn starch systems whilst rice starch containing films exerted a similar thermo-315 mechanical pattern to that of sodium caseinate. Finally, the physical state transitions detected at high 316 temperatures (above 100 °C) can be attributed to the structural changes taking place due to water 317 porous network in the corn starch films (Fig. 4) . 
2012). 376
Here we hypothesise that factors such as the bacteria s adaptability in the drying medium as well as their 377 ability to adhere on the existing biopolymers played a crucial role in sustaining the viability of L. rhamnosus 378 GG throughout drying. During the first 4-5h of drying, water activity was higher than the threshold required 379 for the growth of Lactobacilli (aw = 0.91) providing optimum conditions for the adaptation and growth of the 380 living cells in the drying medium. In addition, the presence of proteins provided peptides and amino acids for 381 the growth of the bacteria compared to pure starch solutions, enhancing their ability to withstand the sub-382 lethal effect of the increasing osmotic pressure due to the decline of water activity. On the other hand, it has 383 been reported that the adhesion properties of probiotic cells can also reflect their ability to overcome acute 384 lethal processes such as severe heating, osmolysis and physicochemical stress associated with processing the present work, it has been confirmed that low temperature storage conditions (fridge) and protein additionprolonged shelf-life (herein defined as the time required to reaching a minimum of 6 log CFU/g) which 407
ranged from 27 to 96 days. It was also observed that the use of rice starch enhanced the viability of L.
408
rhamnosus GG, particularly at 4°C. It should also be pointed out that the shelf life of starch based films at 409 25°C (up to 24 days) is of relevance to short shelf life foodstuffs such as bakery products. 410
According to DMA and DSC analysis (Fig. 5 and Fig. 6 ), it was found that Tstorage>>Tg suggesting that all 411 matrices were in the rubbery state and thus, the inactivation kinetics of L. rhamnosus GG during storage case of protein addition could be considered as a secondary factor explaining the inactivation rate reduction 415 observed in the specific systems. 416
Physical, thermo-mechanical and microbiological data was subjected to PCA analysis, this is presented in 417 with increased survival rates. The latter is of particular importance as high WVP rates increase the 436 plasticising effect of solutes and consequently raise the lethal biochemical reaction rates. Finally, it should be 437 stated that a positive correlation between the loss percentage of L. rhamnosus GG throughout drying and 438 inactivation rates during storage was obtained, which implies that osmotically injured cells during the 439 dehydration process exert a poorer ability to compete in the hostile ambient storage conditions. 440
In conclusion, in the present study it was shown that the immobilisation of L. rhamnosus GG in plasticised 441 starch based matrices is a viable strategy to deliver probiotics into food products. Whilst edible films do not 442 allow long term storage of probiotics due to their physical state (rubbery, high plasticiser inclusion), they 
